In this work we study the simultaneous and sequential two-neutron transfer mechanisms to the 28 Si nucleus induced by (t,p) 
I. INTRODUCTION
The response of atomic nuclei to external probes exhibits interesting multi facets features. Depending on the case, single particle, cluster and collective degrees of freedom may be distinguished in the many body problem. Single particle configurations are mainly determined by the nuclear mean field, while cluster and shape deformed configurations are connected with nucleon-nucleon correlations beyond the mean field. In particular, nucleonpaired configurations are connected to short-range correlations while states with deformed shapes require longrange correlations.
Pairing is in the foreground in nuclei with two neutrons or two protons outside a doubly-magic core. The twoneutron transfer reaction is a suitable tool to assess pairing correlations above the Fermi level in many nuclear systems. In the past, most of the two-neutron transfer measurements were conducted primarily with (t,p) reactions [1] [2] [3] [4] [5] but the use of triton beams is nowadays restricted also due to radiation protection. The ( 18 O, 16 O) reaction is also an effective probe to access two-neutron pairing configurations, since the two-neutron system is pre-formed in the 18 O nucleus and the beam production is straightforward. The systematic investigation using the ( 18 O, 16 O) transfer reactions at the same bombarding energies have been published recently [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In Ref. [7] , the experimental cross sections for one-and two-neutron transfer reactions in 12, 13 14 C were reproduced by direct reaction calculations for the first time, without requiring arbitrary scaling factors. Such theoretical calculations indicate the dominance of simultaneous two-neutron transfer (e.g. 12 C → 14 C) over the sequential one (e.g. 12 C → 13 C → 14 C). The same conclusions have been obtained in Refs. [11, 13] for 16 O and 13 C target nuclei. In the light of such results, the pairing-like configuration of the final states favors the simultaneous transfer mechanism.
In Ref. [14] , the two-neutron transfer induced by the ( 18 O, 16 O) reaction to the 64 Ni nucleus has been studied. Again, the results indicate that simultaneous transfer is dominant for the population of the ground state in 66 Ni. However, for the first excited state (2 + 1 ), the sequential mechanism competes with the simultaneous one. The 2 + 1 state in 66 Ni is characterized by a collective component that smears the pairing correlation of the two transferred neutrons and suppresses the simultaneous transfer mechanism.
The two-neutron transfer seems to be sensitive to the interplay between short-range (pairing) and long-range (collective) interactions. Understanding the effects of collectivity of the final states on two-neutron transfer mechanisms requires further studies. Following this line, transfer to the 28 Si nucleus seems to be a good benchmark since the ground state is deformed and low-lying excited states can be interpreted within the rotor model.
In the past the two-neutron transfer to 28 Si has been studied by (t,p) [2, 3] , and (
18 O, 16 O) [16] reactions. In Ref. [3] , the 28 Si(t,p) 30 Si reaction was studied at 18 MeV incident energy. The theoretical calculations were performed within the distorted wave Born approximation (DWBA) using the shell model (sd space) to describe low-lying states in the 28, 30 Si isotopes. The agreement between experimental and theoretical cross sections required a normalization of the calculation in order to reproduce the absolute value of the experimental data. The same reaction was also studied at 10.5 and 12.1 MeV [2] incident energy. However, the thickness of the target was not known with sufficient accuracy to determine a reliable absolute cross section.
The angular distribution of multi-nucleon transfer reactions induced by 18 O on 28 Si was studied in Ref. [16] at 56 MeV incident energy. Optical model calculations for elastic and inelastic scattering, DWBA for one-step processes and coupled channel Born approximation (CCBA) for inelastic excitations were performed. The shape of the angular distribution was described reasonably well adopting the cluster approximation. Once again, normalization factors were necessary to reproduce the order of magnitude of the experimental cross sections.
In this work, we present new experimental data for the two-neutron transfer in the 28 Si( 18 O, 16 O) 30 Si reaction at 84 MeV and revisit the experimental data reported in Refs. [3, 16] for the ( 18 O, 16 O) reaction at 56 MeV and the (t,p) reaction at 18 MeV. This set of experimental data is used to assess spectroscopic parameters and optical potentials that enters into the direct reaction calculations.
This paper is organized as follows: the experimental details and the theoretical analysis are discussed in sections II and III, respectively, and the conclusions are given in section IV.
II. EXPERIMENTAL DETAILS
The measurements were performed at the Istituto Nazionale di Fisica Nucleare -Laboratori Nazionali del Sud, Catania, Italy. [17] [18] [19] [20] set in the full acceptance mode (Ω ∼ 50 msr). Parameters of the final trajectory (i.e. vertical and horizontal positions and incident angles) were measured by the focal plane detector that also allows for particle identification [21] . Trajectory reconstruction of 16 O ejectiles was performed by solving the equation of motion for each particle to obtain scattering parameters at the target, according to procedures described in Refs. [17, 18, 22, 23] .
The reaction was measured at two angular settings, with the spectrometer optical axis centered at θ lab = 8
• and 10•. Due to the large angular acceptance of the spectrometer, these angular settings correspond to a total covered angular range of 4• < θ lab < 15• in the laboratory framework, with an overlap of ∼ 8• between the two settings.
The 30 Si excitation energy spectrum, relative to ground to ground states Q-value of the reaction (6.89 MeV), is shown in Fig. 1 30 Si are labeled with numbers (see Table I ) and the oneneutron threshold energy (Sn) is indicated with a dashed line.
(S n = 10.6 MeV). The continuous shape, observed at excitation energies higher than the neutron separation energy, contains a contribution from the three-body kinematics connected to the one-neutron emission. Possible peaks due to contamination of the 28 Si foil, usually 12 C and 16 O incorporated during fabrication and handling, could interfere at excitation energies higher than 7.1 MeV. Nevertheless they are not clearly observed in the spectrum. [3, 16] . A similar situation appears in the set of states 6, in which the 1 − 1 state is the most intense, according to Refs. [3, 16] .
Angular distributions of absolute cross sections for the ground and the 2 + 1 states in 30 Si are shown in Fig. 6 . They were obtained individually whereas the peak at around 3.5 MeV (label 3) was assumed to have contribution from the unresolved 2 
III. THEORETICAL ANALYSIS
Direct reaction calculations for two-neutron transfers were performed using prior exact finite range within the coupled channel Born approximation (CCBA) and coupled reaction channel (CRC) frameworks using the FRESCO code [24] . Non-orthogonality corrections and full complex remnant terms were considered in the coupled channel equations. The São Paulo double folding potential (SPP) [25] was used for the real and imaginary parts of the optical potential. As usual, the imaginary strength factor was set to 0.6 in the initial partition to account for missing couplings to continuum states, not explicitly considered [26] . In the exit partitions, the imaginary part was scaled by a larger factor (0.78) to avoid double counting the effect of continuum states. Optical model calculations using these coefficients provide a good description of the elastic scattering cross section for many systems in a wide energy interval [27] [28] [29] .
The adopted deformation parameter for the collective states in the 28 Si target nucleus is β 2 = 0.407, taken from Ref. [30] . The single-particle and cluster wave functions used in the matrix elements calculations were generated by Woods-Saxon potentials, whose depth was varied in order to reproduce the experimental separation energies for one-and two-neutron, respectively. The reduced radii and diffuseness parameters were set to 1.26 fm and 0.65 fm, respectively, for 28 [14] .
A. Two-neutron transfer reaction
Simultaneous (or one-step) and sequential (or twostep) transfer mechanisms were considered separately. In the first case, the two particles are transferred simultaneously and the wave functions used in the CRC calculations were obtained within two schemes: i) the cluster and ii) the independent coordinates. In the sequential mechanism, the two neutrons are transferred one by one, through the intermediate partition (
17 O + 29 Si). Excitations of low-lying states in the entrance partition are considered within the two-step CCBA formalism.
In the cluster model, the relative motion between the two transferred neutrons is frozen and separated from the core. In this sense, the two-neutron transfer process is equivalent to the single-particle with the anzats that the correct quantum numbers of the cluster have to be considered. In this model, the intrinsic spin of the twoneutron cluster can be S = 0 (anti-parallel) or S = 1 (parallel). The wave function of the cluster is defined by the following quantum numbers: the orbital angular momentum L relative to the core, the principal quantum number N and the transferred angular momentum J. N and L can be determined from the conservation of the total number of quanta in the transformation of the wave function of two independent neutrons in orbits (n i , l i ) (i = 1, 2) into a cluster with internal state (n, l) [31] :
The cluster model is called extreme cluster approximation when we consider only S = 0 anti-parallel configuration. In this case, the intrinsic cluster wave function has the quantum numbers n = 1 and l = 0 so that the cluster is in the 1s internal state. The spectroscopic amplitudes for both projectile and target overlaps were set to 1.0, as usually found in the literature.
For the independent coordinate (IC) and sequential (Seq) models, calculations are performed using microscopic information obtained by the shell model calculations. The spectroscopic amplitudes were calculated by the NuShellX code [32] . For silicon isotopes, the psdpn model space, with the effective phenomenological interaction psdmod [33] , was considered. That model space assumes 4 He as a closed core and valence neutrons and protons in the 1p 3/2 , 1p 1/2 , 1d 3/2 , 1d 5/2 , and 2s 1/2 orbits. This interaction was generated from a modification of the psdwbt one [33] . The hamiltonian is similar to the one used by Warburton, Brown, and Millener (WBM) to describe the excited states of 16 O [34] , where they used a two-body hamiltonian that gives a global fit to p-sd -shell nuclei.
The adopted model space allows us to successfully reproduce spin, parity and relative energies of low-lying states in 28 Si, 29 Si and 30 Si isotopes with differences between experimental and shell model results on excited energies better than 350 KeV, as shown in Table II . The two-neutron spectroscopic amplitudes for simultaneous transfer within the IC scheme are listed in Tables  III-V and for sequential mechanism in Tables VI and VII . The couplings and level schemes of the nuclei are sketched in Figure 2 . Coupling schemes and the spectroscopic amplitudes for 16 O, 17 O and 18 O are the same of Refs. [11, 13, 14] , obtained from shell model calculations using the zbm interaction [35] . For calculations of the two-neutron transfer induced by the (t,p) reaction, the reduced radii and diffuseness were set to 1.25 fm and 0.65 fm, respectively, for proton and 1.26 fm and 0.70 fm for deuteron.
In the following, this theoretical approach is applied to the (t,p) and ( The experimental angular distributions for the (t,p) reaction at 18 MeV were obtained from Ref. [3] .
The comparison of the theoretical curves with experimental data are shown in Fig. 3 . The extreme cluster model gives absolute cross sections that are much higher than the other models presented, except for the transition to the ground state of 30 Si. The oscillatory behavior is reasonably well reproduced by the IC and the sequential model. This is a first indication that direct and sequential are competing transfer mechanisms feeding 30 Si states.
In Ref. [2] cross section angular distributions of the 28 Si(t,p) reactions at 10.5 and 12 MeV are reported in arbitrary units. We performed calculations at these energies and obtained a good reproduction of the experimental shapes.
The calculated angular distributions, shown in Fig. 3 for transitions to low-lying states of 30 Si, nicely reproduce the experimental data. This result, together with the accurate description of the excitation energies for the same states (see Table II The experimental angular distributions of two-neutron transfer cross sections induced by 18 O on 28 Si at 56 MeV bombarding energy were reported in Ref. [16] . In that article, DWBA calculations using an optical potential adjusted to the elastic scattering data, were not able to reproduce the absolute cross section for transfer reactions, requiring arbitrary scaling in the calculations.
A reanalysis of elastic and inelastic scattering data at 56 MeV, from Ref. [16] , was performed within the theoretical framework discussed in this work in order to assess the quality of the optical potential used in the entrance partition. Comparisons between experimental data and theoretical curves are shown in Fig. 4 . We observe that the 0.6 strength factor to the imaginary part of the optical potential describes reasonably well the elastic and inelastic scattering. This strength factor was varied between 0.2 and 0.6 with minor changes on the calculated transfer cross sections. Therefore, we adopted the 0.6 imaginary factor throughout this work, as done in the previous works [7, [11] [12] [13] . The comparison between experimental data and the differential cross sections for the 28 Si( 18 O, 16 O) 30 Si reaction at 56 MeV are shown in Fig. 5 . The direct transfer of two neutrons is calculated by CRC approach, using both the extreme cluster and the independent coordinates models. The sequential transfer cross sections are obtained by second-order CCBA calculation. 30 Si reaction at 56 MeV [16] . The green dotted, red solid and blue dashed curves represent the extreme cluster, the independent coordinates and the sequential models, respectively. At incident energy of 56 MeV the cross section of the two-neutron transfer to the ground state (see Figure 5a ) does not show a good agreement with the experimental data, specially at forward angles, maybe due to the concurrence of the three mechanisms. For the other states, the extreme cluster model overestimates the experimen-tal data. For the states of 2.235 MeV and 3.398 MeV (see Figure 5b and d) the two-step sequential model describes better the transfer cross section. These results are different to those published in Ref. [16] where the two-step process was found to be much smaller than the direct process. For the trasnsition to the state at 3.398 MeV (see Figure 5c ) the direct and two-step process are about one order of magnitude below of the data, indicating that a larger base in the model space might be needed to describe it. 28 
Si(
18 O, 16 O) 30 Si at 84 MeV
The comparison between the results of the transfer reaction cross sections for the extreme cluster, independent coordinates and sequential models and the experimental data at 84 MeV are shown in Fig. 6 . The cross sections shown in Fig. 6c correspond to the sum of the results for the 2 + (at 3.498 MeV), 1 + (at 3.769 MeV) and 0 + (at 3.788 MeV) states which are not resolved in data. The extreme cluster model overestimates all the experimental angular distributions, as previously observed for the data at 56 MeV. A similar behaviour is also observed in the two-neutron transfer to 64 Ni nuclei [14] . This may be related to the oversimplified structure of the two-neutron cluster, with contributions to the wave functions coming only from the component with anti-parallel spin and spectroscopic amplitudes set to 1.0. Both the independent coordinates and sequential calculations describe with good accuracy the average absolute cross sections for the ground state of 30 Si nucleus (see Fig. 6a ). For the first excited state (2 + ) at 2.235 MeV (see Fig. 6b ) the results of sequential model give a better description of the cross section. For the sum of states, 3.498 MeV + 3.769 MeV + 3.788 MeV, both independent coordinates and sequential models results are bellow the experimental data (see Fig. 6c ). A possible justification for neither model describing well the magnitude of this cross section is that a larger model space might be necessary. However due to computational limitations, it was not possible to enlarge it.
One can observe in Figure 6 that the theoretical angular distributions are shifted approximately by three degrees in with respect to the experimental data. The fact that the sequential transfer is dominant compared to the simultaneous one can be associated to the axial deformation of 28 Si ground state which emphasize long-range correlations in the many-body wave functions. In these conditions short-range correlations, as those associated to neutron pairing, tend to be less visible. In this way, the response of the nucleus to direct one-step mechanism is weakened due to the selectivity of pairing configurations, and the two-step mechanism is dominant. The results obtained here are in agreement to the conclusions for the transfer to ground and first excited state of 26 In Table VIII we list the B(E2) (reduced electric quadrupole transition probability) between the ground and the first (2+) excited state of nuclei studied by the ( 18 O, 16 O) reaction. For cases where the simultaneous two-neutron transfer mechanism is dominant, the B(E2) is small, as in case of 18 O and 14 C. However, when the composite nucleus is deformed, as in the 30 Si case, the short-range pairing correlations between the two neutrons do not prevail. This means that the two-neutron transfer mechanism is intrinsically related to the nuclear structure of the target nucleus. The effect of different bombarding energies on the competition between simultaneous and sequential mechanisms have been probed in our calculations at energies below and well above the Coulomb barrier leading to similar conclusions. We also performed CRC and two-step CCBA calculations at higher energies (120 MeV) and observed that the conclusions are similar.
B. Microscopic Cluster Model
As mentioned in the previous sub-sections, in the extreme cluster model the pair of neutrons are transferred with spin anti-parallel (S = 0) and spectroscopic amplitudes set to 1.0. This approximation overestimates the experimental data as seen in Figures 3, 5 and 6 . In order to perform a more realistic cluster model calculation, a broader space for the intrinsic states of the two-neutron coupling with respect to the core was considered. This model is referred as microscopic cluster model, as recently shown by Carbone et al. in Ref. [13] . The spectroscopic amplitudes for the microscopic cluster model were obtained from shell-model calculations using the Moshinsky transformation brackets [? ] . These transformations are made from individual (j −j) coupling to relative and center of mass coordinates (LS coupling) for the harmonic oscillator wave functions of the two-particle system.
The number of possible combinations in this approach becomes quickly large and in Table IX we only show the spectroscopic amplitudes used in the overlap of the 28 Si ground state for the 30 Si states. The spectroscopic amplitudes for 16 O and 18 O were obtained from Ref. [13] . The comparison between experimental data at 84 MeV and calculations performed within the microscopic cluster model is shown in Fig. 7 . To assess the relevance of different intrinsic configurations of the two-neutron cluster, we consider that the two neutrons are coupled in the 1s (n = 1 e l = 0) and in the 1p (n = 1 e l = 1). One can observe that the inclusion of the 1p orbital affects only the cross sections of 30 Si 2.235 (2 + ). This means that the contribution of the p-orbital is important. Here, it is important to mention that, because of the parity conservation, given by orbital angular momentum transfer (L), some form factors were not considered. Even in the microscopic cluster model, the angular distributions for the first state (2.235 MeV) and the summed excited states the results are lower than the experimental data. Similarly as obtained recently for the 13 30 Si reaction at 56 MeV and new data at 84 MeV. Calculations of simultaneous transfer were performed within the CRC approach considering the extreme cluster and independent coordinates models to describe the two-neutron system. The microscopic cluster model was considered as well, to assess the contribution of the 1p component of the two-neutron cluster. The addition of 1p orbital in the calculation affected only the state at 2.235 MeV (2 + ). The sequential transfer was calculated within the two-step CCBA.
All the results for the cross section of two-neutron transfer at 84 MeV presents a good description of the period of oscillation although a phase difference around three degrees with respect to the experimental data is present. The extreme cluster model overestimates the experimental data in almost all angular distributions studied here. Calculations for the two-neutron transfer leading to the ground state (0 + ) of the 30 Si show that very similar angular distributions are obtained considering the simultaneous, in the independent coordinate scheme, and sequential mechanisms in both (t,p) and (
18 O, 16 O) reactions. Instead, the simultaneous transfer is dominant for the population of the ground state in 14 C and 18 O. Here, in the case of 30 Si, the collective nature of nuclei interfere with the short-range correlation between the two neutrons and the sequential transfer becomes a relevant mechanism. Similar conclusion has been obtained in the analysis of the two-neutron transfer leading to the 2 + 1 state in 66 Ni [14] . Calculations performed at different bombarding energies exhibit similar results. Based on our results we conclude that the interplay between simultaneous and sequential two-neutron transfer is intrinsically related to the nuclear structure of the target nuclei. TABLE IX. Two-neutron spectroscopic amplitudes for CRC calculations obtained by shell model calculations with psdmod interaction. n1l1j1 n2l2j2 are the principal quantum numbers, the orbital and the total angular momenta of the neutron 1 and 2 respect to the core,respectively, J12 is the angular momentum of two neutron system, n,l,N,Λ are the quantum numbers of the cluster wave function, L is the total orbital angular momentum, and S is the total spin of the two neutrons. 
